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ABSTRACT 
 
The effective radius (Re) of the cloud droplet size distribution is an Essential Climate 
Variable identified by the Global Climate Observing System for its important role in energy and 
water cycle studies. It is retrieved simultaneously with optical depth (τ) from passive satellite 
imagers, like Moderate Resolution Imaging Spectroradiometer (MODIS), using two shortwave 
spectral channels (so called bispectral method), typically one in visible or near-infrared spectral 
region and the other from a shortwave infrared spectral region. The MODIS-retrieved Re product 
has been extensively used in many applications, including studies that assess aerosol-cloud 
interactions and evaluating cloud microphysical parameterizations in climate models. Given the 
widespread use of Re products, it is essential that our understanding of the error characteristics of 
this product are accurate.  
Recently, a method has been developed by Liang et al. (2015) to estimate the systematic 
errors in MODIS-retrieved Re by examining the angular variations in retrieved optical depth 
variability with scattering angle, specifically around the rainbow scattering angle, using MODIS 
data alone and with MODIS data fused with data from the Multi-angle Imaging SpectroRadiometer 
(MISR). Both datasets show a zonally varying zonal mean bias in MODIS-retrieved Re of ~3 to 
11 µm for marine liquid water clouds. The source of this bias remains a point of research, but it is 
certainly rooted in the assumptions used by the MODIS cloud product algorithm. 
This study explores the importance of breakdowns of the vertically homogenous 
assumption and the single modal size distribution assumption in the bispectral method on the 
interpretation of angular behavior of weighted Re (designated as Rw hereafter). Specifically, this 
study will use a weighting function introduced by Platnick (2000) to explore the impact of vertical 
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variations of cloud microphysics and drizzle on the angular variations of Rw with respect of 
scattering angle. Furthermore, this study focuses on the angular behavior of Rw near rainbow 
scattering directions and discusses how vertical variations of cloud microphysics and drizzle can 
contribute to the Re bias reported in Liang et al. (2015). 
Our results show vertical variation and drizzle are important to the distribution of Rw with 
sun-view geometry. Variations of Rw in vertical inhomogeneous clouds range from 1.5~5 𝜇𝑚, 
depending on the cloud Re profiles. The presence of a realistic drizzle mode can reduce the angular 
variation of Rw. However, in terms of interpreting the optical depth variation in MODIS Re 
retrieval across rainbow scattering angles observed by Liang et al. (2015), the vertical variation 
and drizzle are insignificant, contributing no more than ~1 𝜇𝑚 to the bias estimate. An important 
implication of our results is that other factors, such as 3D effects, cannot be ignored in the 
interpretation of MODIS Re bias.  
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Chapter 1: Introduction 
1.1 Effective radius of cloud droplet distribution 
Clouds play an essential role in climate through their strong radiative effects and 
interactions with aerosols and precipitation (e.g., Klein and Hartmann, 1993; Haywood and 
Boucher, 2000; Lohmann and Feichter, 2005). The Intergovernmental Panel on Climate Change 
(IPCC) affirms that clouds continue to represent a leading source of uncertainty in climate change 
predictions (Solomon et al., 2007). A knowledge of cloud radiative properties and their variation 
in space and time is therefore especially crucial to the understanding of the radiative forcing of 
climate and to the reducing uncertainty in projections of climate change. 
Cloud effective radius (Re) is one of the most important parameters characterizing the 
cloud microphysics, which is defined as the ratio of the third to the send moment of a droplet size 
distribution: 
𝑅𝑒 = &(()(*+(,- &(()(.+(,- 	,                                 (1) 
where 𝑟  is the cloud droplet radius, and 𝑛(𝑟)𝑑𝑟  is the number of cloud droplets with radii 
between 𝑟 and 𝑟 + 𝑑𝑟. It has significant influences on assessing aerosol-cloud interactions (e.g., 
Lebsock et al., 2008; Jiang et al., 2009; Sporre et al., 2012), and evaluating cloud microphysical 
parameterizations in climate models (e.g., Song et al., 2012). Given the widespread use of Re 
product, it is essential that our understanding of spatial and temporal variability of this product are 
accurate. 
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1.2 How to retrieve the Re 
The important of Re has motivated the development of various satellite remote sensing 
techniques for retrieving global Re from space (Breon and Doutriaux-Boucher, 2005). Of 
particular interest is a widely used method, bispectral method, to retrieve Re and cloud optical 
depth (τ) from satellite observation of cloud reflectance (Nakajima and King, 1990). This method 
uses cloud reflectance measurements from two spectral bands, typically one in visible or near-
infrared spectral region and the other from a shortwave infrared spectral region.  
The bispectral method has been adopted by several satellite missions, including Visible 
Infrared Imaging Radiometer Suite (VIIRS) and Moderate Resolution Imaging Spectroradiometer 
(MODIS) (Platnick et al., 2003) for retrievals of cloud properties. Flying on both Terra and Aqua 
EOS platforms, MODIS is a state of the art sensor providing 250-1000 m spatial resolution in 36 
spectral band with a swath of 2330 km (Barnes et al., 1998). MODIS represents our most advanced 
system for global observations of Re, providing Re retrievals by using bispectral method with one 
channel from a visible, near-infrared MODIS channel (i.e., 0.66 µm over land, 0.86 µm over ocean, 
and 1.24 µm over snow/ice) that has negligible water absorption and is sensitive primarily to τ, and 
the other from a shortwave infrared channel (i.e., 1.6, 2.1, and 3.7 µm) that has strong water 
absorption and is sensitive to Re (Platnick et al., 2003). The three retrievals are therefore 
designated as Re1.6, Re2.1, and Re3.7. 
In practice, the bispectral method used in MODIS or MODIS-like instruments is often 
implemented utilizing a so-called look-up table (LUT). Such LUTs contain precomputed 
bidirectional cloud reflectance at non-absorbing visible or near-infrared bands and shortwave 
infrared bands for various combinations of Re and τ under different sun-view geometries and 
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surface reflectance. Given the observed reflectance, the corresponding Re and τ can be retrieved 
easily by searching and interpolating the proper LUT. A couple of LUTs are shown in Figure 1.  
To precompute a LUT, the bispectral method makes several key assumptions. First, the 
cloud is considered to be “plane-parallel”, where the cloud is assumed (1) to be horizontally 
homogenous within a cloud pixel, and (2) that pixels are independent with each other, namely, 
there is no radiative transfer between pixels. This assumption is favorable for radiative transfer 
calculations, as it reduces the three-dimensional (3-D) radiative transfer to a one-dimensional (1-
D) computation, where the radiation field only varies in the vertical direction. In addition to plane-
parallel assumption, clouds are usually assumed to be vertically homogenous. Furthermore, the 
size spectrum of cloud particles is often assumed to be a fixed monomodal size distribution that 
follows certain analytical distributions, such as the single modal gamma or lognormal distributions 
(e.g., Nakajima and King, 1990; Dong et al., 1997). These assumptions may reasonable for certain 
types of clouds, but become unreasonable for others such as broken trade wind cumulous cloud or 
precipitating clouds (e.g., Di Girolamo et al., 2010; Painemal and Zuidema, 2011; Zhang, 2013).  
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Figure 1. Examples of the look-up table (LUT) of cloud bidirectional reflectance as functions of 
cloud optical depth (𝜏) and effective radius (Re), based on the combination of (a) 0.86 𝜇𝑚 and 
2.1 𝜇𝑚 bands and (b) 0.86 𝜇𝑚 and 3.7 𝜇𝑚 bands. Surface is assumed to be Lambertian with a 
reflectance of 0.02. Solar and viewing zenith angles are 45° and 20°, respectively. Relative 
azimuthal angle is 0°. From Zhang et al. (2016). 
 
 
 
 
 
 
 
by a number of satellite missions, includingModerate Resolution Imaging Spectroradiometer (MODIS), Visible
Infrared Imaging Radiometer Suite (VIIRS), and Spinning Enhanced Visible and Infrared Imager (SEVIRI) for
operational retrievals of cloud properties (i.e., τ, re, and derived cloud liquid water path (LWP)) [Platnick
et al., 2003; Roebeling et al., 2006; Minnis et al., 2011; Walther and Heidinger, 2012]. Given the wide usage of
the bispectral method, it is critical to study and understand its limitations and uncertainties.
The bispectral methodmakes several important assumptions about the cloud (or cloudy pixels). First, within a
cloudy pixel, the cloud is assumed to be horizontally homogenous (referred to as the “homogenous pixel
assumption”). Second, it is assumed that the pixels are independent from each other, in the sense that there
is no net interpixel transport of radiation (often referred to as the “independent pixel assumption”). Under
these assumptions, clouds are considered to be “plane-parallel.” In addition to plane-parallel cloud assump-
tions, clouds are often assumed to be vertically homogenous in the operational algorithms. Furthermore, the
size spectrum of cloud particles is often assumed to follow certain analytical distributions, such as the single
modal gamma or lognormal size distributions [e.g., Nakajima and King, 1990; Dong et al., 1997]. These
assumptions may be reasonable for certain types of clouds, such as closed-cell, nonprecipitating stratocumu-
lus, but become problematic for others, such as broken trade wind cumuli or precipitating clouds [Di
Girolamo et al., 2010; Painemal and Zuidema, 2011; Zhang and Platnick, 2011; Liang and Girolamo, 2013;
Zhang, 2013]. As elucidated in numerous previous studies, when real clouds deviate from these assumptions,
the re and τ retrievals from the bispectral method can suffer from large errors and uncertainties [e.g., Várnai
and Marshak, 2002; Kato et al., 2006; Marshak et al., 2006; Zhang and Platnick, 2011; Zhang et al., 2012; Zhang,
2013; Liang et al., 2015].
The focus of this study is the homogenous pixel assumption. Our objective is to develop a uniﬁed framework
for understanding and quantifying the impacts of subpixel level unresolved reﬂectance variations on re and τ
retrievals based on the bispectral method. A number of previous studies have already made substantial
progress in this direction. It has been known for a long time that at the spatial scale of climate model grids
(e.g., ~102 km) approximating inhomogeneous cloud ﬁelds with plane-parallel clouds can lead to signiﬁcant
biases in shortwave solar radiation [e.g., Harshvardhan and Randall, 1985; Cahalan et al., 1994; Barker, 1996].
Cahalan et al. [1994] described an elegant theoretical framework based on a fractal cloud model to explain
the inﬂuence of small-scale horizontal variability of τ on the averaged cloud reﬂectance in the visible spectral
region (RVIS). It is shown that the averaged reﬂectance RVIS τið Þ , where τi denotes the subpixel-scale cloud
optical thickness, is smaller than the reﬂectance that corresponds to the averaged cloud optical thickness
τi , i.e., RVIS τið Þ < RVIS τið Þ . This inequality relation is well known as the “plane-parallel homogenous bias”
(referred to as PPHB), which is a result of the nonlinear dependence of RVIS on τ, i.e., ∂
2RVIS
∂τ2 < 0. The implication
of the PPHB for τ retrievals from RVIS is illustrated using an example shown in Figure 2a. Here we assume that
one half of an inhomogeneous pixel is covered by a thinner cloud with τ1 = 5 and the other half by a thicker
Figure 1. Examples of the look-up table of cloud bidirectional reﬂection functions as functions of cloud optical thickness and effective radius, based on the
combination of (a) 0.86 μm and 2.1 μm bands and (b) 0.86 μm and 3.7 μm bands. Surface is assumed to be Lambertian with a reﬂectance of 0.02. Solar and
viewing zenith angles are 45° and 20°, respectively. Relative azimuthal angle is 0°.
Journal of Geophysical Research: Atmospheres 10.1002/2016JD024837
ZHANG ET AL. SUBPIXEL IMPACT ON RETRIEVALS 2
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1.3 Re bias 
To understand how well Re can be obtained from abovementioned bispectral method, we 
need to have a global perspective on the spatial variability of the MODIS Re products. The monthly 
mean Re1.6, Re2.1, and Re3.7 for marine water clouds for April 2005 are shown in Figures 2(a), 
2(b), and 2(c), respectively (Zhang and Platnick, 2011). Re1.6, and Re2.1 increase substantially 
from 8 ~10 𝜇𝑚 near the coast to as large as 25∼30 𝜇𝑚 far offshore. The means of Re1.6 and 
Re2.1 show the same relative spatial distribution and, to some extent, Re1.6 is generally larger than 
Re2.1. However, Re3.7 is significantly smaller than other two channels.  
Numerous studies have proposed hypotheses to explain discrepancies among three MODIS 
Re products (Nakajima et al., 2010; Zhang and Platnick et al., 2011). One hypothesis suggest that 
the difference is a result of vertical inhomogeneity of cloud droplet sizes and different sensitivity 
of each channel on this vertical structure (Chang and Li, 2003). Another hypothesis indicates the 
difference, at least to a large extent, can be attributed to the cloud horizontal heterogeneity and 3-
D radiative effects, namely the difference can be induced from the plane-parallel assumption 
(Mashark et al., 2006; Hayes et al., 2010; Wolters et al., 2010). The bi-modal cloud droplet size 
distribution or the existence of drizzle modes in cloud are also considered as a cause of these 
discrepancies (Zhang, 2013; Nakajima et al., 2010).  
In general, any systematic error in the retrieval can occur when assumptions made by the 
retrieval algorithm are not consistent with the actual cases. To make cloud microphysical products 
from MODIS or MODIS-like instruments useful, we must characterize the bias in Re. Efforts have 
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taken from both numerical calculation perspective and field campaigns. 3-D radiative transfer 
simulations indicate that ~100% bias errors in Re are possible (Marshak et al., 2006). Some 
validation of Re from field campaign have been conducted for MODIS or MODIS-like instruments 
(e.g., Platnick and Valero, 1995; Wetzel et al., 2001; Nakajima et al., 2005; Painemal and Zuidema, 
2011; McBride et al., 2012), indicating a 10%-40% bias error for marine stratiform clouds under 
high sun conditions- conditions that are most favorable for the parallel assumption (1-D 
assumption). While for cumulus clouds over ocean under high sun (3-D assumption), the MODIS 
Re retrieval biases are ~100% (Haney, 2013). Though these previous explorations on Re bias have 
provided the physical insight into the challenges we face in producing accurate Re retrievals, they 
do not ascertain the absolute bias, nor do they come up with a path toward there. It’s therefore 
natural to raise questions on how do we quantify and correct the absolute bias in MODIS Re, and 
what does global Re look like after bias correction. Only Liang et al. (2015) recently attempt to 
address those questions. 
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Figure 2. The monthly mean (a) Re1.6, (b) Re2.1, and (c) Re3.7 for marine water clouds for 
April 2005. From Zhang and Platnick (2011). 
 
 
 
 
 
 
 
 
 
Figure 9. The monthly mean global 1° × 1° map of (a) re,1.6, (b) re,2.1, and (c) re,3.7 and (d) water cloud
fraction based on Terra MODIS observation in April 2005. To plot this figure, the three re retrievals are
independently sampled in the Level‐2 retrieval and also independently aggregate (without QAweighting)
to Level‐3 grid boxes.
Figure 10. Monthly mean global map of re retrieval differences derived from Figure 9.
ZHANG AND PLATNICK: MODIS EFFECTIVE RADIUS DIFFERENCE D20215D20215
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1.4 Rainbow dip 
The value of Re and 𝜏 should be independent of solar and view geometries at a particular 
location and time. However, numerous studies have shown that satellite-retrieved Re and 𝜏 do 
vary with solar and viewing geometries (e.g., Varnai and Marshak, 2007; Liang and Di Girolamo, 
2013; Horvath et al., 2014). For example, Figure 3 shows the way the mean retrieved 𝜏-values 
change with view angle for the most homogeneous and most inhomogeneous of cloudy pixels 
(Varnai and Marshak, 2007). Figure 3(a) reveals that for homogeneous clouds, the plane-parallel 
approximation produces consistent results in 𝜏 -values that do not change much with view 
direction, except for a hump appearing for very oblique Sun. Figure 3(b), however, indicates that 
for inhomogeneous clouds, the plane-parallel approximation yields higher 𝜏-values for oblique 
views than for overhead views if the Sun is oblique, with differences exceeding 50% for the most 
oblique solar zenith angles.  
More recently, Liang et al. (2015) proposed a new approach for identifying the MODIS-
retrieved Re bias by examining variability across scattering angle (Θ) in Multi-angle Imaging 
Spectroradiometer (MISR) retrieved 𝜏  using MODIS Re as an input to the retrieval. They 
introduced a new concept called “rainbow dip” across the rainbow scattering direction (Θ =~140°). Consider the retrieval of 𝜏 as a function of Θ using bidirectional reflectance of a cloud 
of 𝜏 = 8 and Re = 10 𝜇𝑚, as shown in Figure 4. If the correct value of Re = 10 𝜇𝑚 is used in 
retrieving 𝜏, then a value of 𝜏 = 8 (green line) is retrieved for all Θ. If a larger value of Re is 
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used in retrieving 𝜏, then the retrieved 𝜏 will be positively biased (red lines) relative to the truth, 
with the magnitude of bias being the smallest in the rainbow direction a so-named “τ-rainbow dip” 
across the rainbow scattering direction. The opposite is true if a smaller Re is used (blue lines), 
thus resulting in a so-named “𝜏-rainbow bump.” Through their analysis, one can conclude that 
“rainbow-dips” in the observations would indicate an overestimate of the retrieved Re, while 
“rainbow-dips” in the observations would indicate an overestimate of the retrieved Re. They also 
showed that rainbow dip effect occur in the observations of MODIS Re and 𝜏, as shown in Figure 
5. The variabilities in Re and 𝜏 across Θ are characterized by their departure from their mean 
value ( i.e., ∆𝑥 = 𝑥 −	 𝑥 , where x is either Re or 𝜏, and 𝑥  is the mean value). Figure 5(a) 
demonstrates the strong dip in 𝜏 near the rainbow scattering directions, where 𝜏 is negatively 
biased relative to adjacent Θ. This is the 𝜏-rainbow dip described previously, indicating a positive 
bias in the MODIS Re (2.1 𝜇𝑚) product. Figure 5(b) shows Re (2.1 𝜇𝑚) have two local maxima 
with the local minimum in between occurring at Θ = ~140°. They further estimate the Re bias 
from the amplitude of rainbow dip collected by the MODIS + MISR data fusion (see Liang et al. 
(2015) for details). Their results (Figure 5) indicate a 3-11 𝜇𝑚 variation in zonal mean Re bias. 
Still, how much of the bias is from 3D radiative effects, vertical variations in cloud droplet 
distribution, and drizzle remains unknown. 
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Figure 3. View angle dependence of mean retrieved optical depth 𝜏. (a) Most homogeneous 
cloudy pixels. (b) Most inhomogeneous cloudy pixels. From Varnai and Marshak (2007). 
neous third of cloudy pixels, the difference between optical
thicknesses retrieved at overhead and oblique views is
significant throughout the entire range of cloud thicknesses:
For oblique observations, optical thicknesses smaller and
larger than 11 are less and more frequent, respectively.
Finally, the results (not shown) indicate that the U shape
is similar over the Northern and Southern hemispheres, for
the Terra and Aqua satellites, and for various seasons
Figure 2. View angle dependence of mean retrieved optical thickness. Only liquid phase clouds with
high-confidence retrievals are considered. Each line represents a separate solar zenith angle (q0) interval.
(a) Most homogeneous third of cloudy pixels. (b) Most inhomogeneous third of cloudy pixels.
D06203 VA´RNAI AND MARSHAK: VIEW ANGLE AND MODIS CLOUD OPTICAL DEPTH
4 of 12
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Figure 4. The retrieval of 𝜏 as a function of Θ using bidirectional reflectance of a cloud of 𝜏 =8 and Re = 10 𝜇𝑚. The retrieved 𝜏 across Θ as compared to the true 𝜏 = 8 if a smaller Re = 
8 𝜇𝑚 and a larger Re = 18 𝜇𝑚 are used instead of the true Re = 10 𝜇𝑚; also, plotted in figure 
are the retrieved τ by using Re = 9 and 11	𝜇𝑚. From Liang et al. (2015).  
 
 
 
 
derived from other satellite instruments reveal large regional differences. For example, regional Re
differences ranging from !7μm to +7μm are found between International Satellite Cloud Climatology
Project and MODIS [Stubenrauch et al., 2013]. However, we note that in such climatological comparisons,
one cannot decouple sampling and retrieval differences in the relative biases.
In this paper, we propose a new approach for identifying the MODIS-retrieved Re bias by examining
variability across scattering angle (Θ) in (1) MODIS retrieved τ and Re and (2) Multi-angle Imaging
Spectroradiometer (MISR) [Diner et al., 1998, 2002] retrieved τ using MODIS Re as an input to the retrieval
[Liang et al., 2009]. This research emerged from a ﬁnding in Liang and Di Girolamo [2013]. They found that
τ retrieved from MISR measured radiances at 0.866μm fused with MODIS Re is smaller in viewing
directions where the rainbow scattering directions are dominantly sampled compared to adjacent viewing
directions. A similar ﬁnding was also reported by Buriez et al. [2001] and later by Zeng et al. [2012], where
the retrieved cloud spherical albedo or τ is smaller in the rainbow scattering directions than in other
scattering directions when a constant Re of 10μm is used. In all three studies, a hypothesis was raised that
the Re used for τ or cloud spherical albedo is too large.
We ﬁrst present a radiative transfer simulation in section 2 on themutual retrieval dependence between τ and Re
in a way that one is a priori information to retrieve another. This is done to demonstrate the signatures of τ and Re
bias with changing Θ. Section 3 describes the data and method to examine the τ and Re variabilities across Θ.
Section 4 shows that the unique signatures of τ and Re bias with Θ are clearly present within the MODIS cloud
microphysical products. The signatures are attributable to overestimates in MODIS Re, and the magnitude of
the Re bias can be bound with the aid of MISR. A summary and discussion are presented in section 5.
2. Mutual Retrieval Dependence Between τ and Re
MODIS retrieves τ and Re for liquid water clouds over ocean from two channels: one near-infrared channel at
0.86μm that is quite sensitive to τ but less sensitive to Re and one of the infrared channels at 1.6, 2.1, and
3.7μm that is quite sensitive to Re but less sensitive to τ [Nakajima and King, 1990; Platnick et al., 2003].
Figure 1. (a) Simulated bidirectional reﬂectance function (BRF) at 0.866μm for a cloudwith τ = 8 for three Re values (Re= 8, 10,
and 18 μm) as a function of Θ. (b) Corresponding to Figure 1a, the retrieved τ across Θ as compared to the true τ = 8 if a
smaller Re= 8μm and a larger Re= 18 μm are used instead of the true Re= 10 μm; also plotted in Figure 1b are the retrieved
τ by using Re= 9 and 11μm. (c) Same as Figure 1a but for BRF at 2.1 μm for a cloud with a Re2.1 = 18 μm for three τ
values (τ = 7, 8, and 9) as a function of Θ. (d) Same as Figure 1b but for the retrieved Re2.1 across Θ as compared to the
reference Re2.1 = 18 μm if τ = 7 and 9 are used instead of the true τ = 8. Also plotted in Figure 1d are the retrieved Re2.1 if
τ = 6 and 10 are used, and retrieved Re2.1 if the simulated τ in Figure 1b for Re= 18μm is used.
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Figure 5. (a) ∆𝜏 and (b) ∆𝑅𝑒 as a function of scattering angle Θ. (c) solar zenith angle (SZA), 
mean 𝜏, and mean Re. From Liang et al. (2015).  
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1.5 Weighting function 
As previously mentioned, the bispectral method is based on a couple of important 
assumptions, including a vertically homogenous cloud assumption. Several studies have given 
important insight into the applicability of this assumption. Of particular interest is a so-called 
“weighting function” approximation introduced by Platnick (2000) and used for providing a 
convenient framework to assess the sensitivity of MODIS Re to the vertical structure of cloud. As 
described by Platnick, a reference Re, called weighted Re (designated by Rw), can be derived from 
                𝑅𝑤 = 𝑅𝑒 𝜏 𝑤 𝜏, 𝜏B 𝑑𝜏,CDE                        (2) 
where the τF is the total optical depth of cloud, the 𝑅𝑒 τ  is the vertical profile of cloud droplet 
distribution, and w τ, τF  is the weighting function. A normalized weighting function formula is 
                       w τ, τF = HI JHJK CD ,                        (3) 
where R τ  is the bidirectional reflectance function (BRF) as a function of τ. Equation (2) 
implies weighting function is a measure of the total contribution of radiation in an individual 
portion of cloud to the overall reflectance.  
Using analytical vertically inhomogeneous cloud profile, he showed Rw (3.7 𝜇𝑚) retrieval 
is more sensitivity to upper cloud relative to Rw (2.2 𝜇𝑚) and Rw (1.6 𝜇𝑚) penetrates deeper into 
the cloud, as shown in Figure 6. Much of the weighting for 3.7 𝜇𝑚 is near cloud top, whereas the 
weighting at 1.6 𝜇𝑚 spreads into the lower portion of cloud. This is because 3.7 𝜇𝑚 has larger 
absorption relative to 2.2 and 1.6 𝜇𝑚. An important implication from this work is that if cloud Re 
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profile monotonically increases from cloud base to cloud top, Rw (3.7 𝜇𝑚) should be larger than 
Rw (2.2 𝜇𝑚), which in turn is larger than Rw (1.6 𝜇𝑚), due to the larger cloud particles at upper 
portion contribute more in the weighting function at 3.7 𝜇𝑚. For all clouds used in this simulation, 
differences between Rw calculated by the weighting function approach (Equation (2)) and MODIS 
bispectral method Re retrieval for the adiabatic profile are within 0.3 𝜇𝑚 for the 1.6 𝜇𝑚 band 
and within 0.1 𝜇𝑚 for the 2.2 and 3.7 𝜇𝑚, indicating that Rw is nearly equivalent to the MODIS 
Re retrievals. In the following chapters, we apply this conclusion and take Rw as a justified 
substitute for MODIS Re retrievals.    
Platnick (2000) also examined the angular dependence of weighting function, as shown in 
Figure 7. Larger viewing angles correspond to an increase in the upper cloud weighting. Rw 
retrieved from Equation (2) will therefore vary with both solar and viewing angles for vertically 
inhomogeneous clouds. 
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Figure 6. Azimuth angle averaged vertical weighting function for different spectral bands. From 
Platnick (2000). 
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We conclude that w, provides an accurate, and apparently 
robust, weighting for use in (3). Further plots of this weighting 
are shown in Figure 4 for visible and near-infrared bands and 
the cloud described in Figure 2. The optical depth correspond- 
ing to the weighting-derived retrieved size is indicated in the 
plot. 
5.2. Angular Dependencies 
For the same cloud and solar zenith angle of Figure 4, 
Figure 5a shows the weighting dependence on viewing angle 
for each near-infrared band (0.45 5 p 5 0.95). The weighting 
for albedo is also shown. It is clear that larger viewing angles 
correspond to an increase in the upper cloud weighting. Re- 
trieved sizes will therefore vary with both solar and viewing 
angles for vertically inhomogeneous clouds. Table 4 gives the 
retrieved effective radius in each band as a function of viewing 
angle for the adiabatic profile. Retrievals change by about 1 
pm in the shorter wavelength bands for 0.15 I Al. 5 0.95. The 
optical depth corresponding to the retrieved size is also given 
in the table along with the corresponding relative geometric 
depth 1 - z/h (z is height from cloud base, h is total cloud 
geometric thickness). These depths are the level at which an in 
situ aircraft would have to fly to measure droplet sizes equiv- 
alent to the retrievals. The corresponding relative optical 
depth T/T, ranges from less than 0.1 for the 3.7 pm band at 
p = 0.25 to over 0.5 for the 1.6 pm band at a nadir view; 
similarly, the relative geometric depth ranges from 0.05 to 0.4, 
respectively. Exchanging solar and viewing directions results in 
identical weightings, size estimates, and retrievals due to rec- 
iprocity in bidirectional reflectance as discussed previously. So 
the results of Figure 5a and Table 4 are also valid for p = 0.65 
and p. varying. 
Two points can be made. First, aircraft microphysical sam- 
pling at a single cloud level may provide misleading validation 
results. Consider the adiabatic cloud example of Table 4 for 
p = 0.85. An aircraft flying in cloud, at an altitude equal to one 
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third of the cloud geometric thickness, would measure an ef- 
fective radius equivalent to the 2.2 Frn band retrieval of 10.6 
pm, similarly for the 1.6 pm band retrieval (10.5 pm). How- 
ever, the 3.7 pm band retrieval would be 11.4 pm, or almost 1 
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Figure 7. Dependence of the weighting function on the cosine of the viewing zenith angle 𝜇 for 
three channels. BRFs are azimuthally averaged. From Platnick (2000). 
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1.6 Goal of this research 
The goal of this research is to explore the importance of breakdowns of the vertically 
homogenous assumption and the single modal size distribution assumption in the bispectral 
method on the interpretation of angular behavior of Rw. Specifically, this study will use the 
weighting function to explore the impact of vertical variations of cloud microphysics and drizzle 
on the angular behavior of Rw. While BRFs are azimuthally averaged in Platnick (2000), this 
restriction will be relaxed in this study, allowing us to examine how the weighting function 
depends on scattering angle. 
Furthermore, this study will focus on the angular behavior of Rw near the rainbow 
scattering directions and discuss how vertical variations of cloud microphysics and drizzle can 
contribute to the presence of the rainbow dip. We examine how much of the amplitude on the 
rainbow dip can be explained by angular variations in Rw. Recall that the MODIS Re bias can be 
quantified by exploiting the amplitude of the rainbow dip, but how much of rainbow dip is 
produced by 3D radiative transfer, vertically inhomogeneous or drizzle remains unknown. 
Therefore, there is a need to investigate every factor that may contribute to the rainbow dip 
phenomenon. In this study, we only focus on the effects of vertically homogenous cloud and 
drizzle.  
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Chapter 2: Methodology 
A wide range of 1D simulations are carried out in this study using the Spherical Harmonic 
Discrete Ordinate Method (SHDOM) (Evans et al., 1998) radiative transfer model at three MODIS 
Re retrievals spectral channels (i.e. 1.6 𝜇𝑚, 2.1 𝜇𝑚, and 3.7 𝜇𝑚). Though SHDOM is a 3D 
model, it also provides convenient way to implement 1D simulations as it allows many radiative 
quantities to be specified generally. Two factors that may contribute to angular variation of Rw 
will be examined, namely, the vertical inhomogeneity of cloud droplet sizes and the existence of 
drizzle mode in clouds. To this end, we designed a series of experiments to simulate the radiances, 
using cloud models of vertically inhomogeneous cloud droplet sizes (case 1) and adding a 
vertically homogenous drizzle droplet mode into case 1 (case 2). The model clouds are built from 
multiple thin cloud layers. Each layer has the same geometric thickness and a homogenous Re 
profile. The total thickness of clouds is set to 300 meters. A lognormal cloud droplet size 
distribution with a standard deviation of 0.35 and a black surface are assumed. Cloud droplet 
concentration of 60 cm-3 is kept in all cases. These parameters correspond to those used by Platnick 
(2000). The simulated BRFs are used to calculated the Rw of cloud through the weighting function 
method described by Equations (2) and (3).  
The weighting function is dependent on solar and viewing geometry, namely, w =w µE, µ , where µE and µ are the cosine of the solar zenith angle (SZA) and viewing zenith 
angle (VZA). Since the scattering angle is also a function of  µE  and µ, with the cosine of 
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scattering angle defined as cos Θ = µEµ + 1 − µQ 1 − µEQcos Δϕ , where Δϕ is relative 
azimuth angle (RAZ) between solar and viewing angles, the weighting function is very well 
correlated with scattering angle Θ. Platnick only used azimuthally averaged BRF to calculate the 
weighting function, and didn’t consider its relationship with scattering angle. We remove this 
restriction, and examine the scattering angle dependence of weighting function. Rw will therefore 
vary with both sun-view geometry and Θ as well.  
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Chapter 3: The impact of vertical heterogeneity on the angular behavior of 
Rw 
3.1 The impact of adiabatic clouds 
As in Platnick (2000), an adiabatic cloud model is assumed with a cloud Re profile linearly 
increasing from 5 𝜇𝑚  at cloud base to 12 𝜇𝑚  at cloud top. Figure 8 shows examples of 
scattering angle dependence of weighting function at three MODIS channels. The sun-view 
geometry settings in this example are given in the caption. A striking feature in 1.6 𝜇𝑚 (Figure 
8(a)) and 2.1 𝜇𝑚 (Figure 8(b)) is that weighting function does vary with scattering angles, and 
the peak of weighting function increase toward the cloud top as the scattering angle approaches 
the rainbow scattering directions (~140°), which implies that Rw also changes with Θ. However, 
the peak of weighting function at 3.7 𝜇𝑚 (Figure 8(c)) monotonically moves towards cloud top 
with increasing scattering angle. This difference between 3.7 𝜇𝑚 and the other two spectral 
channels is due to the larger absorption at 3.7 𝜇𝑚. 
The angular behaviors of Rw distributions at 1.6 𝜇𝑚 are analyzed by plotting the Rw in a 
polar coordinated system with contoured lines of equal Rw, as shown in Figure 9. The maximum 
of Rw in this cloud model is 11.2 𝜇𝑚, which occurs at high sun condition (SZA = 80°). While the 
minimum of Rw is 9.3 𝜇𝑚, which occurs at low sun condition (SZA = 20°). The angular variation 
of Rw for this scenario is 1.9 𝜇𝑚 when comparing the maximum and minimum of Rw. Figure 9 
also suggests that viewmore obliquely, the Rw gets larger. This is because larger viewing angles 
correspond to higher peaks of the weighting function, which is consistent with Platnick’s (2000) 
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result. An increase in the upper cloud weighting means that the Rw calculated by Eq. (1) is coming 
more from upper cloud Re, where it is larger than the lower portion since the Re profile increases 
from cloud base to cloud top in this test.  
Now we are interested in the angular behavior of Rw near the rainbow scattering angles. 
An example can be used to illustrate how to define the presence of a rainbow dip or a rainbow 
bump. Looking at the dark dot in Figure 9(a), the Rw = 9.5 𝜇𝑚 at Θ = ~140°. The Rw at Θ = 
145° can be estimated by drawing a line that is perpendicular to the scattering angle lines and 
intersects with the scattering angle Θ = 145°, as shown by the light gray arrow, which is Rw (Θ 
= 145°) = 9.45 𝜇𝑚. Similarly, by drawing dark gray arrow in Figure 9(a), one can get the value 
of Rw = 9.48 𝜇𝑚 at Θ = 135°. It is clear that the local maximum of Rw is at Θ = ~140° for this 
adiabatic cloud, which refers to a “rainbow bump” based on the discussion in the Chapter 1 of 
Figure 4. The rainbow bump effect can also be explained by Figure 8(a). The higher peak of the 
weighting function is around the rainbow scattering directions (Θ = ~140°), corresponding to a 
larger value of Rw in this adiabatic cloud. The maximum amplitude of rainbow bump is 0.05 𝜇𝑚, 
which is estimated by the differences of Rw between Θ = 140° and Θ = 145° (or Θ = 135°). 
Following the same procedure, we can decide amplitudes of rainbow bump for all sun-view 
geometries where the results indicate that maximum amplitude for such cloud profile is always 
smaller than 0.1 𝜇𝑚.  
 
 22 
 
 
 
 
 
 
Weighting function
Op
tic
al
 d
ep
th
Op
tic
al
 d
ep
th
Weighting function
Figure 8. Weighting function at (a) 1.6 𝜇𝑚, (b) 2.1 𝜇𝑚, and (c) 3.7 𝜇𝑚 for an 
adiabatic cloud as a function of scattering 
angle Θ . The SZA = 30°  and VZA =30° are assumed. RAZs in this example 
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Figure 9. Angular distributions of Rw at 1.6 𝜇𝑚 for an adiabatic cloud for SZA = 20°, 40°, 60°, 
80° [(a) – (d)].  Equal lines of Rw are contoured in a polar coordinate system and represented by 
color lines. The distance from the origin represents the viewing or solar zenith angle. Polar angles 
represent relative azimuth angles. Pink lines show the contour of scattering angles of Θ =120°, 140°, 160°. The red dot is the position of sun. The dark dot in (a) is an example of Rw at Θ = 140°. The light and dark gray arrows in (a) is to give an example to determine the amplitude 
of rainbow bump (see text for details). 
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Figure 10 shows the angular behavior of Rw at 2.1 𝜇𝑚. The angular distribution of Rw at 
2.1 𝜇𝑚 is close to that of 1.6 𝜇𝑚, with a maximum of 11.2 𝜇𝑚, and a minimum of 9.4 𝜇𝑚. The 
rainbow bump effect occurs at 2.1	𝜇𝑚 as well, where the amplitude of the rainbow bump is no 
more than 0.1 𝜇𝑚 estimated by the abovementioned approach. However, there is no rainbow 
bump or rainbow dip at 3.7 𝜇𝑚, as shown in Figure 11, which is reasonable since the highest peak 
of the weighting function at 3.7 𝜇𝑚 is not around the rainbow scattering directions (Figure 8(c)). 
Also note that the angular variability of Rw at 3.7 𝜇𝑚 is smller than that of 1.6 and 2.1 𝜇𝑚. 
We conclude that a rainbow bump is generated for adiabatic cloud at 1.6 and 2.1 𝜇𝑚, and 
amplitudes are never exceeding 0.1 𝜇𝑚 in our assumed cloud profile. Our results indicate that 
actual clouds may not be adiabatic since MODIS observations show the presence of a rainbow dip 
(Liang et al., 2015) when 3D radiative effects and drizzle are ignored. Therefore, there is a need 
to study the impact of other cloud profiles. 
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Figure 10. Same as Figure 9 but for Rw at 2.1 𝜇𝑚. 
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Figure 11. Same as Figure 9 but for Rw at 3.7 𝜇𝑚. 
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3.2 The impact of clouds with Re profile decreasing with height 
Here we use a cloud with a Re profile decreasing from 12 𝜇𝑚 at cloud base to 5 𝜇𝑚 at 
cloud top. Figure 12 is the same as Figure 8 expect for the use of a different Re profile. The feature 
of higher peak of weighting function at Θ = ~140° still occurs at 1.6 𝜇𝑚 and 2.1 𝜇𝑚. But for 
cloud with a Re profile decreasing with height, higher weighting function indicates a lower Rw 
since the smaller Re at the upper port of the cloud contributes more to the calculated Rw. Thus, a 
rainbow dip is produced in such cloud profile due to the highest peak at Θ = ~140°. Still, the peak 
of the weighting function at 3.7 𝜇𝑚 (Figure 12(c)) monotonically moves towards cloud top with 
increasing scattering angle. 
The angular behavior of Rw distributions at 1.6 𝜇𝑚 is shown in Figure 13. In contrast to 
the adiabatic cloud case, the maximum of Rw in this cloud model occurs at SZA = 20° with a 
value of 9.2 𝜇𝑚, while the minimum of Rw occurs at high sun condition SZA = 80° with a value 
of 6.6 𝜇𝑚. Thus, the angular variation of Rw for this scenario is 2.6 𝜇𝑚. Figure 13 also suggests 
that with more obliquely views, the Rw gets smaller, which is opposite to the adiabatic cloud case 
due to the inversion of cloud Re profile. We use the same procedure to calculate the amplitude of 
the rainbow dip for this cloud profile, and conclude that amplitudes of rainbow dip are no more 
than 0.1 µm for all sun-view geometries in this cloud profile. 
Figure 14 shows the angular behavior of Rw at 2.1 𝜇𝑚 for this case, which is again close 
to that of 1.6 𝜇𝑚, with a maximum of 9 𝜇𝑚 and a minimum of 6.5 𝜇𝑚. The rainbow dip effect 
still occurs at 2.1	𝜇𝑚, as expected from the weighting function. The amplitude of the rainbow dip 
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is also no more than 0.1 𝜇𝑚. The angular behavior of Rw at 3.7 𝜇𝑚 is shown in Figure 15. 
Though there is angular variation in Rw at 3.7 𝜇𝑚, no rainbow dip can be observed. 
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Figure 12. Weighting function at (a) 1.6 𝜇𝑚, (b) 2.1 𝜇𝑚, and (c) 3.7 𝜇𝑚 for a 
cloud Re profile decreasing from 12 𝜇𝑚 to 5 𝜇𝑚 as a function of scattering 
angle Θ. The SZA = 30° and VZA =30° are assumed. RAZ in this example 
is set to let the scattering angles Θ are 
between 130° and 150°. 
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Figure 13. Same as Figure 9 except for a different cloud profile that Re decreases from cloud 
base of 12 𝜇𝑚 to cloud top of 5 𝜇𝑚.   
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Figure 14. Same as Figure 13 but for 2.1 𝜇𝑚 spectral band.   
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Figure 15. Same as Figure 13 but for 3.7 𝜇𝑚 spectral band.   
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3.3 Rw under the MODIS sun-view geometries 
Since our results have shown that the vertical variations in cloud microphysics have a 
significant impact on the angular distribution of Rw, we take a brief opportunity to examine how 
these variations would look across the MODIS swath on a particular day (January 2, 2003) for the 
two cloud profiles used in the previous sections, as shown in Figure 16. This is relevant as there 
are several studies (e.g., Horvath et al., 2014) that examine statistically how the retrieved MODIS 
Re varies with view angle, but without a clear description on what to expect from vertical 
variability of cloud properties to their analyses. Figures 16(a)–16(f) show the Rw at 2.1 𝜇𝑚 for 
Re profiles in sections 3.1 and 3.2, SZA, VZA, RAZ and Θ across the MODIS swath for the 
daytime component of one orbit on 2 January 2003. The smaller VZA is associated with greater 
Rw in Figure 16(a), while it is associated with smaller Rw in Figure 16(b), which is consist with 
our previous analysis. 
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Figure 16. (a) Rw at 2.1	𝜇𝑚 channel for cloud with Re profile increasing from 5 𝜇𝑚 at cloud base 
to 12 𝜇𝑚 at cloud top, (b) Rw at 2.1	𝜇𝑚 channel for cloud with Re profile decreasing from 12 𝜇𝑚 at cloud base to 5 𝜇𝑚 at cloud top, (c) Daytime solar zenith angle (SZA), (d) MODIS view 
zenith angle (VZA), (e) MODIS relative azimuth angle (RAZ), and (f) MODIS Θ for Terra path 
114, orbit 16175 on 2 January 2003.  
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3.4 How much of a rainbow dip can be contributed from vertical inhomogeneity 
The abovementioned simulations have proved that rainbow dips at 1.6 and 2.1 𝜇𝑚 can be 
caused by vertical inhomogeneous clouds with Re profiles decreasing with height. In this section, 
we examine how much of a rainbow dip can be contributed from vertical inhomogeneity, and 
determine if vertical inhomogeneity alone can explain the presence of the 1-4	𝜇𝑚	dip in MODIS 
Re retrieval by Liang et al. (2015). 
To this end, we use different cloud Re profiles in our simulations. Only the 2.1 𝜇𝑚 
channel results are shown here since the 1.6 𝜇𝑚 results are similar to 2.1 𝜇𝑚. Figure 17 shows 
the angular distribution of Rw at 2.1 𝜇𝑚 for different Re profiles for SZA = 30°. Re profiles 
decrease from 8 𝜇𝑚	and 15 𝜇𝑚 at cloud base to 5 𝜇𝑚 at cloud top are assumed for Figures 17(a) 
and 17(b), respectively. A very steep slope of Re case is also shown in Figure 17(c), in which Re 
decreases from 20 𝜇𝑚 to 0 𝜇𝑚. We can see the angular variation of Rw does increase with the 
slope of Re profile. The amplitude of the rainbow dip increases with the slope of Re profile, but 
even for 20-0 𝜇𝑚 steep case, the amplitude of the dip is still no larger than 0.2 𝜇𝑚. 
3.5 Summary 
In this chapter, we show that angular variability of Rw at 1.6, 2.1 and 3.7 𝜇𝑚 under 
vertically inhomogeneous cloud conditions. The angular variation of Rw is significant with 
vertically inhomogeneous clouds that ranges from 1.5~5 𝜇𝑚 in our assumed simulation. We 
further demonstrate that rainbow dip is caused by a vertical inhomogeneous cloud when the Re 
profile decreases from cloud base to cloud top if we assume no other effects (e.g., 3D effects). 
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While rainbow bump results from an adiabatic cloud profile. The presence of the rainbow dip 
observed in the MODIS Re (2.1	𝜇𝑚) product (Liang et al., 2015) implies the Re profile should 
decrease from cloud base to cloud top. The amplitude of our simulated rainbow dip (or rainbow 
bump) ranges from 0.05~0.2 𝜇𝑚, depending on the slope of cloud Re profile. This magnitude of 
rainbow dip in our simulations can’t explain the 1-4 𝜇𝑚 rainbow dip observed by Liang et al. 
(2015). We therefore can conclude that vertical variations in Re alone can’t explain the observed 
MODIS rainbow dip effect, implying there must be some other factors that cause the presence of 
the MODIS rainbow dip. In next chapter, we will explore another possible factor, the existence of 
drizzle in the cloud, that may impact the rainbow dip. 
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Figure 17. Angular distributions of Rw at 2.1 𝜇𝑚 for different cloud Re profiles for SZA = 30°. 
(a) Re profiles decrease from 8 𝜇𝑚 at cloud base to 5 𝜇𝑚 at cloud top. (b) Re profiles decrease 
from 12 𝜇𝑚 at cloud base to 5 𝜇𝑚 at cloud top. (c) Re profiles decrease from 20 𝜇𝑚 at cloud 
base to 5 𝜇𝑚 at cloud top. 
 
 
 
 
 
(a) (b) (c)
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Chapter 4: The impact of drizzle on the angular behavior of Rw 
To study the effect of drizzle on the interpretation of the rainbow dip, we use a bi-modal 
distribution of cloud droplet sizes in the simulation. A vertical homogeneous drizzle mode with 
effective radius of 100 𝜇𝑚 is used, and the domain also contains a vertical inhomogeneous cloud 
with the Re profile decreasing from 12 𝜇𝑚 at cloud base to 5 𝜇𝑚 at cloud top as in section 3.2. 
The number concentrations of the drizzle mode are set to changing from 0.01 cm-3 to 0.4 cm-3. The 
ratio of the volume between cloud modes and drizzle modes is thus varied, as shown in Figure 18. 
The actual size distribution measured by a particle measurement system (PMS) in 1987 indicates 
the ratio between cloud particles and drizzle is near 5:1 (Nakajima and Nakajima, 1995), which in 
accordance with a number concentration of 0.01 cm-3 drizzle mode case in our simulations. Other 
drizzle modes are extreme cases. 
The Rw is calculated by the total distribution of cloud and drizzle modes, namely, 
                 𝑅] = 𝑅B^+ 𝜏 𝑤 𝜏, 𝜏B 𝑑𝜏,_`E                     (4) 
where 𝑅B^+ = ab c c*^a. c c* dc,- ab c c.^a. c c. dc,-  is the total effective radius of cloud mode and drizzle mode. nf r  and nQ r  are the cloud and drizzle droplet lognormal size distribution, respectively.  
Figure 19 shows the angular distribution of Rw for bimodal cases under the various drizzle 
modes. When the drizzle mode gets more contribution in the cloud, the total distribution profile 
changes. For a very small and realistic drizzle mode, which is nc = 0.01 cm-3, the total Re profile 
(𝑅B^+) still decreases with height (green lines), but with the other extreme cases, the total 𝑅B^+ 
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increases with height. Rw can even reach to 60 𝜇𝑚 (see Figure 19(d)), which unlikely happens in 
nature. Here the extreme cases are only for a sense of how the rainbow dip or bump changes with 
drizzle. 
The angular variation of Rw for drizzle of 0.01 cm-3 is 0.8 𝜇𝑚  (see Figure 19(a)). 
Comparing with 2.5 𝜇𝑚 variation of Rw in Figure 14, the presence of drizzle reduces the angular 
variation of Rw. This is due to the total effective radius (𝑅B^+), which decreases from 13 𝜇𝑚 at 
cloud base to 10.9 𝜇𝑚 at cloud top, used in the calculation of Rw. The amplitude of rainbow dip 
is ~0.3 𝜇𝑚, which is still small compared to the 1-4 𝜇𝑚 rainbow dip in the MODIS observations. 
Even for the extreme cases, the amplitudes of the rainbow bump (since the 𝑅B^+ increases from 
cloud base to cloud top in those cases, the rainbow bump is produced) are smaller than 0.5	𝜇𝑚, 
indicating drizzle together with vertical heterogeneity cannot explain the presence of rainbow dip 
in MODIS observations. 
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Figure 18. Volume distribution as a function of the droplet size with cloud modes (black lines) 
and drizzle modes of effective radius (Rd) of 100 𝜇𝑚 (color lines). [nc: number concentration 
(unit: cm-3)]  
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Figure 19. Angular behavior of Rw at 2.1 𝜇𝑚 for various drizzle conditions at SZA = 30°. (a) 
drizzle with number concentration of 0.01 cm-3, (b) drizzle with number concentration of 0.1 cm-
3, (c) drizzle with number concentration of 0.2 cm-3, (d) drizzle with number concentration of 0.4 
cm-3. The cloud Re profile (blue lines) and drizzle profile (red lines) are depicted in the bottom of 
each subgraph, where the total effective radius of cloud mode and drizzle mode 𝑅B^+ are shown 
by green ones. 
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Chapter 5: Conclusion 
Using vertical weighting function approach, this research investigated the impact of 
vertical variations of cloud microphysics and drizzle on the angular anisotropic behavior of 
weighted cloud droplet effective radius Rw, and how these two factors can contribute to the 
presence of the rainbow dip. 
We showed that vertical variation and drizzle are important to the angular distribution of 
Rw. Solar and viewing zenith angular variation of Rw in vertical inhomogeneous clouds range 
from 1.5 to 5 𝜇𝑚, depending on the cloud Re profiles. The presence of realistic drizzle (e.g., nc = 
0.01 cm-3 in our previous case) can reduce the angular variation of Rw when the total size 
distribution of bimodal droplets is used for calculating Rw. The variations at 2.1 𝜇𝑚 is close to 
1.6 µm, and both are larger than 3.7 𝜇𝑚 (i.e., ΔRw 1.6>≈ ΔRw 2.1>ΔRw 3.7). 
This dissertation also demonstrated that rainbow dip can be caused by a vertical 
inhomogeneous cloud when the Re profile decreases from cloud base to cloud top, whereas 
rainbow bump can be produced by adiabatic-like clouds. The amplitude of the rainbow dip for 
assumed cloud profiles used in this study are all <~0.2 𝜇𝑚, with the amplitude of the rainbow dip 
for Rw 1.6>≈ Rw 2.1> Rw 3.7. Even if a realistic drizzle mode exists, the amplitude of the rainbow 
dip still doesn’t exceed 0.3 µm. We can conclude that variation of cloud microphysics and drizzle 
are contributed too little to explain the presence of the rainbow dip in the MODIS observations, 
thus both the vertical variation of cloud microphysics and drizzle cannot explain the results of 
 43 
Liang et al. (2015), implying other factors, such as 3D effect, can’t be ignored. It also suggests 
that the results of Liang et al. (2015) are firm. 
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